The interaction of a screw dislocation with a circular inhomogeneity near the free surface is discussed in this paper. By using the complex potential and conformal mapping technique, an explicit series solution is obtained. Then, the solution is cast into a new expression to separate the interaction effects between the dislocation, inhomogeneity, and free surface. The new expression is not only convenient to reveal the coupling interaction effects, but also helpful to improve the convergence of the solution. As an application of the new expression, a simple approximate formula is presented with high accuracy. Finally, the full-field interaction energy and image force are evaluated and studied graphically. It is found that when the screw dislocation, inhomogeneity, and free surface are close to each other, their interaction effects strongly and intricately couple in the near field. In the case of a soft inhomogeneity or a hole, there is an unstable equilibrium point of the screw dislocation between the inhomogeneity and free surface, whereas in the case of a hard or rigid inhomogeneity, there is an unstable equilibrium point on the opposite side of the inhomogeneity.
Introduction
The interaction of a dislocation with inhomogeneities is a very important topic in the study of strengthening and deformation mechanism of many heterogeneous materials. It is because that such an interaction induces an image forces acting on the dislocation, and consequently induces a motion of the dislocation. From Head's work [1], many researches have been performed. It is revealed that the interaction energy and image force acting on the dislocation are significantly influenced by the shape of inhomogeneities [1] [2] [3] [4] [5] [6] , the nature of inhomogeneity/matrix interfaces [7] [8] [9] [10] , and the size of inhomogeneities [11] [12] [13] .
In 1953, Head [1] first derived the image force on a dislocation near a straight interface between two dissimilar materials. He found that the dislocation was either repealed or attracted by the interface, depending on the combination of material constants. The interaction of the dislocation with various shapes of inhomogeneities studied more general cases of inhomogeneities with arbitrary shape, and obtained a set of simple approximate formulae with satisfactory accuracy to determine the image force. As an extension to the piezoelectric issue, Shen et al. [4] investigated the interaction between a screw dislocation and a piezoelectric fiber composite with a semi-infinite wedge crack. Zeng et al. [5] dealt with the interaction between piezoelectric screw dislocations and two asymmetrical interfacial cracks emanating from an elliptic hole under combined mechanical and electric load at infinity. Zhang et al. [6] presented a numerical solution of interaction between cracks and a circular inclusion in a finite plate, in which distributed dislocations were used to model the cracks and boundaries.
Due to the presence of materials such as fiber coating or transitional layers between inhomogeneities and the matrix, it is more reasonable in many cases to consider an interface as an interphase layer with finite thickness. Many works have been done to study the interaction between a dislocation and inhomogeneities with different nature of interfaces. Xiao and Chen [7] considered a circular coated fiber and obtained a closed-form solution for the stress. Jiang et al. [8] considered the problem of the interaction of a screw dislocation with an interphase layer between a circular inclusion and a matrix and obtained explicit series solutions by combining the sectionally holomorphic function, Cauchy integral and Laurent series expansion techniques. Honein et al.
[9] studied a multi-layered interphase between a circularly cylindrical inclusion and a matrix, where the layers were coaxial cylinders of annular cross-sections with arbitrary radii and different shear moduli, and the number of layers may also be arbitrary. Sudak [10] considered a circular inhomogeneity with homogeneous imperfect interface undergoing uniform eigenstrains.
In another important case, though there is no such a coating layer, since the equilibrium lattice spacing in the interface is different from that in the bulk, the interface stress effect must be considered when the inhomogeneity is small to nano-size. By introducing the interface stress effects of the nano-inhomogeneity with the Gurtin-Murdoch model, Fang and Liu [11] investigated the interaction of a screw dislocation with a circular nano-inhomogeneity, and they found that the normalized image force depended on the inhomogeneity size. The interface effect becomes negligible when the radius of the inhomogeneity is relatively large. Luo and Xiao [12] obtained the solution of semi-analytical nature for a screw dislocation interacting with an elliptical nano-inhomogeneity. Ahmadzadeh-Bakhshayesh et al. [13] dealt with the surface/interface effects on elastic behavior of a screw dislocation in an eccentric core-shell nanowire.
Actually, free surface is another important factor in some of the interaction issues of dislocations. Experimental investigations revealed interesting interaction phenomena of dislocations with free surfaces [14] [15] [16] [17] . The theoretical solution of the interaction of a dislocation with the free surface was firstly given by Head [1]. When a dislocation approaches an inhomogeneity near the free surface, an intricate coupling interaction effect occurs. The solution of the problem cannot be obtained by a linear superposition of Head's result and the solution of a dislocation near an inhomogeneity in an infinite medium. The purpose of this paper is to study such an interesting coupling phenomenon. This paper is organized as follows. Section 2 formulates the basic equations. Section 3 provides an exact series solution of the complex potential by using the conformal mapping technique. Section 4 shows that the present solution can degenerate into many existing solutions, and this fact suggests a new expression of the present solution, where various interaction effects are separated. Section 5 derives the interaction energy and image force. It is found that the new expression not only is convenient to investigation, but also converges more rapidly. A simple approximate formula with high accuracy is presented. The exact full-field distributions of the interaction energy and image force are evaluated and shown graphically by two illustrative examples. In Sect. 6, several conclusions are drawn.
Problem description and basic equations
Consider a screw dislocation with the Burgers vector b near a circular isotropic inhomogeneity and the free surface in a semi-infinite isotropic medium as shown in Fig. 1a , where the radius of the inhomogeneity is R 1 , the origin of a Cartesian coordinate system lies at the center of the inhomogeneity and the x-axis is perpendicular to the free surface. Let h be the distance between the inhomogeneity and the free surface; z 0 denotes the location of the screw dislocation; D 1 , D 2 and D 3 denote the regions occupied by the inhomogeneity, the semi-infinite medium, and the outside of the medium, respectively; 1 and 2 denote the inhomogeneity/medium interface and the free surface of the medium, respectively.
